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ABSTRACT: Airborne pathogens, such as the world-spreading severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2), cause global epidemics via transmission
through the respiratory pathway. It is of great urgency to develop adequate interventions
that can protect individuals against future pandemics. This study presents a nasal spray
that forms a polysaccharide “armor” on the cell surface through the layer-by-layer self-
assembly (LBL) method to minimize the risk of virus infection. The nasal spray has two
separate components: chitosan and alginate. Harnessing the electrostatic interaction,
inhaling the two polysaccharides alternatively enables the assembly of a barrier that
reduces virus uptake into the cells. The results showed that this approach has no
obvious cellular injury and endows cells with the ability to resist the infection of
adenovirus and SARS-CoV-2 pseudovirus. Such a method can be a potential preventive strategy for protecting the respiratory tract
against multiple viruses, especially the upcoming SARS-CoV-2 variants.
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1. INTRODUCTION

The global coronavirus disease 2019 (COVID-19) pandemic
has caused about 332 million cases of infection and more than
5 million deaths since it was first reported.1 Due to its high
virulence and contagiousness, it is important to develop
adequate management to stop this pandemic. Vaccination and
therapeutic drugs are the mainstay strategies used to overcome
the outbreak. However, it takes quite a long time from
laboratory to patients and often lags behind the pandemics.
Despite some specific antiviral drugs and vaccines against
COVID-19 that have been used in clinics, which have
suppressed the severity of the cases, the spreading of SARS-
CoV-2 has not been stamped out at present.2,3 In addition, the
maldistribution of drugs and vaccines among countries,
asymptomatic carriers, and mutations of the virus complicates
the control of the epidemic.4 Thus, it is more important to
protect individuals from virus infection.
There is definite evidence that inhalation of virus-laden

aerosols is a major transmission route for COVID-19.5

Airborne transmission of the coronaviridae (CoVs) family,
including Middle East respiratory syndrome (MERS), SARS,
and SARS-CoV-2 viruses, has elicited increasing attention
toward the prevention of respiratory infections. Virus-laden
droplets and aerosols are generated by infected individuals and
transported into the environment. Although most of the
droplets (>100 μm) fall to the ground in seconds, the rest may
be sprayed to the nearby individuals and inhaled. However, the
aerosols (<100 μm) can pervade in the air for many seconds to
hours and inhaled by the passerby to initiate a new infection.6

Model simulations and practice have demonstrated that the
masks effectively prevented asymptomatic transmission and
reduced COVID-19 infections and mortalities.7 Wearing of
masks provides a critical barrier that not only reduces the
exhalation of infectious viruses from the carriers but also
protects uninfected individuals from virus-laden aerosols and
droplets.8,9 More recently, some face masks made of antiviral
fabrics were developed to increase protection.10,11 However,
the small gaps between the mask and the facial contours result
in leakages that substantially decrease the effectiveness of the
masks.12 The efficiency of the masks decreases by 50% when
the relative leak area reaches 1% for the aerosols, < 2.5 μm.13

Wearing masks for a long time makes the material become
airtight as caused by excessive moisture, resulting in the
inhalation and exhalation of unfiltered virus-laden aerosols
around the edges. In addition, the filtration efficacy of airborne
virus concentration shows a nonlinear dependence, where the
higher virus abundance leads to the lower mask efficacy.
Therefore, more effective or additional preventive interven-
tions should be developed to protect individuals in the medical
centers that treat COVID-19 patients, airports, and super-
markets.14
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Coronaviruses can adhere to the airway epithelium and then
enter the cells once inhaled. Spike proteins on the surface of
the coronaviruses can recognize some cell receptors and
facilitate virion entry into the host cells.15 Nasal sprays that can
either inactivate the viruses or block its entry into cells are the
potent alternatives for preventing the viral spread to the lung
or the surrounding people.16−18 These attempts include
nanobodies,19−21 nanodecoys,22,23 nanoenzymes,24 and anti-
septics.25−28 Previous publications have demonstrated that
inhalation of angiotensin converting enzyme II (ACE2)
nanodecoys derived from human lung spheroid cells (LSCs)
can bind and neutralize SARS-CoV-2, protect the host lung
cells from infection, and accelerate clearance of SARS-CoV-2
mimics from the lungs.23 The nanodecoys were found to reside
in the lungs for over 72 h post-delivery. More recently, Moakes
et al. have developed a composite-based spray that contains
algae-isolated carrageenan and gellan polysaccharide. This
spray enabled an enhanced surface coverage and prophylaxis of
SARS-COV-2.29 This fully preventive spray allows the
entrapment of SARS-COV-2 within a polymeric coating and
sterically prevents the virus from entering the cells, as well as
inactivating and clearing the virus. These achievements show
great advantages of the nasal sprays in fighting COVID-19 and
inspiring us to develop more precautions for the upcoming
new variants.30

In this work, we developed a nasal spray with two separate
components, the positively charged chitosan and the negatively
charged alginate. Sequential inhalation of these two bio-
materials induces the formation of a polysaccharide “armor” on
the cell surface through layer-by-layer assembly and blocks
virus entry into the cells (Scheme 1). Unlike the normal
reported nasal sprays with drugs, antibodies, bioactive proteins,
or cellular constituents, our formulation uses Food and Drug
Administration (FDA) approved materials that are widely used
in clinics. In comparison with the formulations approximate to
pharmaceutics, our physical approach is simple and is easily
transitioned from the laboratory to the clinic. Moreover,
mucociliary clearance should be considered when developing
nasal spray therapeutics.31 The positively charged chitosan has
been demonstrated to be an effective absorption enhancer for
nasal products, which can be retained in the nasal cavity for

extended time periods, thus ensuring the adequate stability of
the polysaccharide barrier.32 Therefore, this layer-by-layer self-
assembly (LBL) approach might be more promising in
resisting mucociliary clearance compared to the negatively
charged xylitol22 or carrageenan,29,33 as previously described.
Here, the assembly of chitosan and alginate on the cell

surface was explored and optimized, and the preventive effect
of the “armor” on virus infection was determined in the
presence of adenovirus and SARS-CoV-2 pseudovirus. In
addition, the sprayability of the formulations was also assessed.
This strategy provides more opportunities for the individuals
to fight the emerging SARS-CoV-2 variants.

2. MATERIALS AND METHODS
2.1. Materials. Commercial chitosan hydrochloride (CAS No.

70694-72-3, degree of deacetylation = 90.4%, viscosity (1%) = 71
mPa·s, United States Pharmacopoeia (USP) grade) was purchased
from Zhejiang Golden-Shell Pharmaceutical Co., Ltd., China. Sodium
alginate (CAS No. 9005-38-3, viscosity (1%) = 520 mPa·s, MW =
80−120 kDa, M/G = 65/35, USP grade) was obtained from
Shandong Xiya Reagent Co., Ltd., China. Fluorescein isothiocyanate
(FITC) and Cy5-conjugated alginate were synthesized as described in
the Supporting Information. Dulbecco’s modified Eagle’s medium
with high glucose (DMEM, Cat No. E600003-0500) and fetal bovine
serum (FBS, Cat No. E600001-0500) were purchased from Shanghai
Sangon Biotech Co., Ltd., China. Nonessential Amino Acid (NEAA,
Cat No. 11140076) cell culture supplement was from Gibco.
Minimum essential medium-α (α-MEM, Cat No. SH30265.01) and
penicillin−streptomycin (PS, Cat No. SV30010) cell culture supple-
ment were purchased from HyClone. iCell Primary Epithelial Cell
Culture System (PECCS, Cat No. PriMed-iCell-001) was obtained
from Shanghai iCell Bioscience Inc., China. D-Hanks buffer (Cat No.
HA2004Y-2) was from Tianjin Haoyang Biological Manufacture Co.,
Ltd., China. Dulbecco’s phosphate buffered saline (DPBS) was
purchased from Shanghai Biochemical Co., Ltd., China (Cat No.
D6501). Adenovirus with the enhanced green fluorescent protein
reporter gene (pHBAd-EGFP, Cat No. LNAP20022403) was
purchased from Shanghai Hanbio Biotechnology Co., Ltd., China.
COVID-19-spike protein pseudovirus (nCOV-PV, Cat No.
11906ES50) and FITC-Phalloidin (Cat No. 40735ES75) were
obtained from Shanghai Yeasen Biotechnology Co., Ltd., China.
Rabbit anti-ACE2 polyclonal antibody (Cat No. bs-1004r) was
purchased from Beijing Biosynthesis Biotechnology Co., Ltd., China.
Alexa Fluor 568 conjugated goat anti-rabbit IgG (H + L) secondary

Scheme 1. Illustration of the Application of the Nasal Spray to form a Polysaccharide “Armor” on the Cell Surface to Reduce
Virus Infection
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antibody (Cat No. A-11011) was from Invitrogen. All of the materials
and reagents mentioned in this study were used as received.
2.2. Cell Culture. The human lung adenocarcinoma cell line

(CALU3, Cat No. BC1179) was purchased from Chongqing Biospes
Biotech Co., Ltd., China, and cultured in MEM medium containing
10% FBS, 1% PS, and 1% NEAA. Human bronchial epithelial cells
(HBEpiC, Cat No. CP-H008) were purchased from Wuhan Procell
Life Science & Technology Co., Ltd., China, and cultured in PECCS.
Human pulmonary alveolar epithelial cells (HPAEpiC, Finetest, Cat
No. C799) were obtained from Chongqing Jiukang Medical Research
Institute Co., Ltd., China, and cultured in DMEM containing 10%
FBS and 1% PS. HEK-293T-ACE2 (293T, Cat No. 41107ES03) cells
were obtained from Shanghai Yeasen Biotechnology Co., Ltd., China,
and cultured with DMEM medium containing 10% FBS, 1% PS, and 3
μg/mL puromycin. All of the cells were cultured at 37 °C with 5%
CO2 in a humid atmosphere.
2.3. Assembly and Characterization of the Polysaccharide

“Armor” on Cells. 2.3.1. LBL Assembly of the Polysaccharide
“Armor”. Chitosan hydrochloride and sodium alginate were dissolved
in DPBS to form stock solutions (1%, w/v) separately. A working
solution was obtained by diluting the stock solution with D-Hank’s. In
this study, the positively charged chitosan constituent was referred to
as C, while the negatively charged alginate constituent was referred to
as A. The cells were seeded on poly-L-lysine (PLL)-coated coverslips
and cultured for 24 h before use. The LBL self-assembly processes
were performed by alternate incubation of the cells with working
solutions C and A. Briefly, the cells were washed three times with D-
Hank’s, followed by incubation with 0.5 mL of C for 4 min. After
washing with D-Hank’s three times to remove the residual
constituents, 0.5 mL of A was added and incubated for another 4
min. The assembly and rinsing procedures were repeated until the
desired multilayer coating was obtained.
2.3.2. Scanning Electron Microscopy (SEM) Imaging. The cells

were rinsed with DPBS and fixed by 2.5% glutaraldehyde for 12 h,
followed by gradient dehydration with ethanol and tert-butyl alcohol.
After sputtering with gold for 30 s, the cells were observed under SEM
(ZEISS Crossbeam 340).
2.3.3. Flow Cytometry Assay. CALU3 cells were dissociated by

0.25% trypsin to form a single cell suspension in the working solution,
and then the LBL self-assembly processes were carried out in
centrifuge tubes in accordance with the assembly and rinsing
procedures as described above. Subsequently, the cells were collected
by centrifugation at 1500 rpm for 3 min and resuspended in DPBS
containing 1% FBS to a cell density of 2 × 106 cells/mL. A flow
cytometry assay was performed on a BD Accuri C6 Plus instrument.
2.3.4. Confocal Laser Scanning Microscopy (CLSM) Observation.

The suspended cells were collected by centrifugation and then fixed
with 4% paraformaldehyde for 15 min. The cells were stained with
DAPI (10 μg/mL), washed, and then resuspended in DPBS. After
mounting on a glass slide using antifade medium (Solarbio, Cat No.
S2100), the cells were observed under CLSM (ZEISS, LSM900).
2.3.5. Transmission Electron Microscopy (TEM) Assay. The single

cell suspension was centrifuged to form cell masses and fixed with
2.5% glutaraldehyde for 12 h, followed by rinsing with 0.1 M sodium
cacodylate buffer (pH = 7.4). Then, the cells were post-fixed with 2%
OsO4 in 0.2 M cacodylate buffer for 1.5 h, dehydrated in graded
acetone solutions, permeated with propylene oxide, and embedded in
Epon-812. Ultrathin sections (80 nm) of the cells were mounted on
300-mesh grid and then counterstained with uranyl acetate and lead
citrate. Finally, the samples were examined with TEM (JEM 1400)
with a maximum acceleration voltage of 80 kV.
2.3.6. Zeta Potential Assay. Zeta potential of the suspended single

cells was measured on a ζ potential analyzer from Brookhaven
Instruments Corporation. All of the measurements were performed at
25 °C. The mean ζ potential was obtained from triplicates.
2.4. Cell Viability Assay. 2.4.1. Live/Dead Staining. The cell

survival was analyzed using a Calcein-AM/EthD-I staining kit
(BestBio, Shanghai, China, Cat No. BB-4127). The procedure was
carried out in accordance with the manufacture’s instructions. Briefly,
2 μL of Calcein-AM and 2 μL of EthD-I were added into 2 mL of

DPBS to obtain a working solution first. Then, the cells were washed
with DPBS and incubated with 300 μL of staining buffer at 37 °C for
15 min. After washing with DPBS, the cells were observed under an
EVOS fluorescence microscope. The cell counts and survival rate
were analyzed by Image J software.

2.4.2. Cell Counting Kit-8 (CCK-8) Assay. CALU3 cells were
seeded in cell culture plates and cultured for 24 h before use. Then,
the cells were treated with working solutions C and A. At
predetermined time intervals, the cells were washed with DPBS
three times and incubated with a cell culture medium containing 10%
CCK-8 reagent (Solarbio, Beijing, China, Cat No. CA1210-500T) at
37 °C for 1 h. A microplate reader (Tecan, Infinite M200 pro) was
used to determine the absorbance at 450 nm.

2.4.3. Cytoskeleton Staining. CALU3 cells were dissociated into
single cell suspensions, followed by LBL assembly processes.
Subsequently, the cells were seeded on coverslips and cultured for a
predetermined duration. After washing with DPBS three times, the
cells were fixed with 4% paraformaldehyde for 15 min, treated with
0.1% Triton for 30 min, and stained with FITC-conjugated phalloidin
(100 nM) for 30 min. Finally, the cell nucleus was counterstained by
4′,6-diamidino-2-phenylindole (DAPI 10 μg/mL), and then the
samples were observed under an EVOS fluorescence microscope.

2.5. Virus Transfection. The cells were seeded in 24-well cell
culture plates (1 × 105 cells/well) and the assembly procedures were
performed. Then, the adenovirus (5 μL, 1 × 105 PFU/mL) or SARS-
CoV-2 pseudovirus (1.5 μL, 1 × 106 TU/mL) was added into the
medium. After 24 h of incubation, the medium was replaced, and the
cells were cultured for another 24 h. The entire virus transfection
process was carried out in a cell culture chamber (temperature: 37°C,
humidity: 95%, carbon dioxide concentration: 5%). The cells were
washed with DPBS and then observed under an EVOS fluorescence
microscope. Cells for flow cytometry assay were prepared by seeding
2 × 105 cells/well in a 12-well plate, followed by treating with the
virus (5 μL of adenovirus or 3 μL of pseudovirus) after LBL assembly,
and then digested into single cell suspension.

2.6. Immunofluorescence Staining. ACE2-positive 293T cells
bearing the polysaccharide “armor” were fixed with 4% paraformalde-
hyde for 15 min and then rinsed with DPBS three times. Next, the
cells were blocked with 3% BSA at room temperature for 30 min and
incubated with primary antibody to ACE2 (1:200 dilution) at 4 °C in
a humid chamber overnight. Then, the cells were washed and
visualized with Alexa Fluor 568 conjugated secondary antibody
(1:500 dilution). The nuclei were counterstained with DAPI (10 μg/
mL). Fluorescence images were acquired by an EVOS fluorescence
microscope with fixed acquisition settings to allow qualitative
assessment of protein levels. The mean fluorescence intensity was
measured by Image J software.

2.7. Sprayability Assay. Chitosan solution (0.02%) was mixed
with a red dye, while the alginate solution (0.05%) was mixed with a
blue dye. Typical handheld applicators from Jiangsu Hongyuan Plastic
Products Co., Ltd. were used to vertically spray flat paper recipients
10 cm away. To simulate the nasal cavity, 4.5 cm × 10 cm paper was
rolled up to form a pipe, and chitosan and alginate were alternately
sprayed. The sprayed paper was allowed to dry in air and then
scanned at 450 DPI (color). Images were analyzed with Image J
software.

2.8. Animal Experiments. The animal experiments were carried
out in accordance with the Laboratory Animal Administration Rules
of China and approved by the Ethics Committee of Third Military
Medical University. Adult male SD rats (200 g) were obtained from
the Laboratory Animal Center of Third Military Medical University.
The rats were randomly assigned into three groups. During
anesthesia, 100 μL of chitosan solution (0.02%) was dropped into
the nostril. Two minutes later, 100 μL of alginate solution (0.05%)
was dropped into the nostril. Chitosan and alginate solutions were
alternately inhaled to form the (CA)2C polysaccharide “armor” in the
nasal cavity. In the control group, the rats received the same volume
of PBS at each step. Subsequently, 100 μL of adenoviruses (1 × 103

PFU/mL, with enhanced GFP reporter gene) were dropped into the
nostril. The rats were fed in separate cages with ad libitum provided
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food and water. Seven days after adenovirus administration, their
lungs, tracheas, and nasal mucosas were collected and fixed with 4%
paraformaldehyde for 24 h. The tissues were cryosectioned (10 μm)
and mounted on glass slides for further evaluation. Some of the slides
were stained with DAPI (10 μg/mL) and observed under an EVOS
fluorescence microscope. For hematoxylin and eosin (HE) staining,
the tissue sections were stained with hematoxylin solution (Service-
bio,Wuhan, China, Cat No. G1004) for 4 min and eosin solution
(Biosharp,Anhui, China, Cat No. BL703B) for 3 min. Then, the tissue
sections were coverslipped with neutral balsam (Origene, Cat No.
ZLI-9555) and observed under an OLYMPUS microscope (IX2-SP).

2.9. Statistical Analysis. Data with error bars were calculated
from at least three independent tests and presented as mean ±
standard deviation (SD). Comparisons between two groups were
analyzed using the two-tailed Student’s unpaired t-test. P value less
than 0.05 was considered to indicate the statistical significance.

3. RESULTS AND DISCUSSION

3.1. Assembly and Characterization of the Poly-
saccharide “Armor” on the Cell Surface. LBL self-
assembly is an ultrathin film fabrication technique of sequential
deposition of multilayers of oppositely charged materials.34

Figure 1. LBL assembly of the polysaccharide “armor” on the CALU3 cell surface. (a) CLSM observation of the FITC-conjugated chitosan and
Cy5-conjugated alginate assembly on the CALU3 cell surface. (b) Flow cytometry analysis of the polysaccharide “armor” assembly. (c) Variation of
the mean fluorescence intensity during the LBL assembly. (d) Percentage of FITC+, Cy5+, and FITC&Cy5+ cells obtained from flow cytometry. (e)
Zeta potential of the cells from each step. (f) TEM analysis of the cells before and after LBL assembly. (g) Representative SEM images of the cells
coated with the polysaccharide “armor”.
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Using biocompatible materials to create a coating on the cell
surface enables to protect delicate mammalian cells and impart
them with new functionalities.35−39 In this study, the
negatively charged alginate and positively charged chitosan
were used to form a polysaccharide “armor” by LBL self-
assembly. Both materials are mucoadhesive and have good
cytocompatibility at different concentrations (from 0.001 to
0.1%, Figures S1 and S2). Here, 0.02% chitosan and 0.05%
alginate were used to fabricate the polysaccharide “armor.” To
observe the assembly of the two materials on the cell surface,
the chitosan was labeled with FITC and the alginate was
labeled with Cy5. The negatively charged mammalian cells
were assembled with chitosan first, and then checked under
CLSM. The result showed the presence of a thin layer of green

fluorescence around the cell (Figure 1a). The following
alginate assembly resulted in an orange coating rather than
forming a separate red shell, indicating a tight interlock
between the alginate and chitosan. With the sequential
assembly of the two materials, the polysaccharide “armor” on
the cell membrane became thicker, leading to gradual increase
in the fluorescence intensity. In addition, flow cytometry was
used to analyze the assembly processes. After treatment with
chitosan, 65.8% of the cells were FITC-positive (Figure 1b).
Adsorption of alginate led to 65.4% FITC&CY5+-positive cells.
The mean fluorescence intensity and the percentage of
FITC&CY5+-positive cells gradually increased with the LBL
assembly processes (Figure 1c). Finally, about 79.4% cells were
FITC&CY5+-positive, while 94.3% cells were FITC-positive,

Figure 2. Assembly of the polysaccharide “armor” on the CALU3 cell minimizes the risk of adenovirus infection. (a) Polysaccharide “armor”-coated
cells have a lower degree of infection after incubation with adenovirus; the infected cells are marked by GFP. (b) Statistical analysis of the GFP-
positive cells based on fluorescence images. (c) Infection rate and (d) mean fluorescence intensity of the cells coated with different layers of
polysaccharide as measured by flow cytometry. (e) Flow cytometry results showing the adenovirus infection in polysaccharide-coated cells.
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indicating that most of the cells were coated with the
polysaccharide “armor” (Figure 1d).
The change of ζ potential of the cells was also checked and

the results are shown in Figure 1e. The untreated cells were
negatively charged but gained positive charges after coating
with chitosan. Assembly with alginate led to the reduction of
the ζ potential of the cells to below zero. Sequential deposition
of chitosan and alginate resulted in the oscillation of the ζ
potential between negative and positive. The “armor” was also
confirmed by TEM. Compared with the untreated group, the
cells in the (CA)2C group were encapsulated by the material as
shown in Figure 1f. The polysaccharide shell was intact and the
thickness was measured to be about 78 nm. In addition,
coating with the polysaccharide “armor” yielded a smoother
cell surface as observed by SEM (Figure 1g). Taken together,

our data demonstrated the successful LBL self-assembly of
chitosan and alginate on the cell surface.

3.2. Polysaccharide “Armor” Interferes with the Virus
Transferring into the Cells. To evaluate the ability of the
polysaccharide “armor” bearing CALU3 cells to prevent virus
infection, the adenovirus with the GFP reporter gene was used
for in vitro transfection of the cells. The influence of different
polysaccharide layers on the adenovirus infection was also
investigated. Fluorescence microscopy and flow cytometry data
showed that the polysaccharide-coated cells were able to
suppress the virus infection (Figure 2). However, the
outermost layer of the polysaccharide assembly had the
highest impact on inhibiting virus infection. In addition, the
outermost shell of chitosan showed greater suppression of the
adenovirus infection in comparison with that of alginate
according to the proportion of GFP-positive cells (Figure

Figure 3. (CA)2C assembly reduces adenovirus infection in 293T, HPAEpiC, and HBEpiC. Flow cytometry assay and fluorescent observation of
adenovirus infection in (a) 293T, (b) HPAEpiC, and (c) HBEpiC. (d) Mean fluorescence intensity of the cells after infection with adenovirus. (e)
Proportion of GFP-positive cells calculated from fluorescence images (data are presented as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001).
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2a,b). The anti-infection property of the cells increased with
the chitosan assembly and reached its maximum in (CA)2C.
The infection rate of CALU3 decreased to 35.1% after
assembly of one chitosan layer, while the rate of infection after
CAC assembly was 29.5%. The anti-infection property of the
cells increased with the chitosan assembly and reached its
maximum in (CA)2C. The infection rate decreased to 21.6%
compared to 52.6% in the untreated control (Figure 2c). There
was similar tendency in the mean fluorescence intensity as
shown in Figure 2d. Further assembly of chitosan and alginate
on (CA)2C did not improve the infection tolerance (Figure
2e). Chitosan, alginate, and their derivatives have been
reported to exhibit direct antiviral activity.40−42 However,
our results showed that the chitosan assembly significantly
reduced adenovirus infection, but the assembly of alginate did
no effort in increasing the protective effect. Thus, it is
reasonable to infer that the chitosan played a key role in
preventing cells from infection in the present study. According
to the previously published work from another group,43 our
polysaccharide “armor” might act as a barrier either
inactivating the virus by chitosan or forming steric hindrance
at the cell surface in reducing virus entry into cells.
Based on the adenovirus infection in CALU3 cells, (CA)2C

was selected as the optimal pattern to assemble on other kinds
of cells. As expected, 293T cells coated with (CA)2C had
significantly reduced adenovirus infection, where the infection
rate decreased from 33.9 to 20.8% as determined by flow
cytometry (Figure 3a). The percentage of GFP-positive 293T
cells was calculated and the result showed that (9.3±1.0)% of
293T cells were GFP-positive in the control group, which
decreased to (3.7±0.8)% in the (CA)2C group. Epithelial cells
are the major cell types in the airways and act as a defensive
barrier against virus infection.44 Respiratory epithelial cells line
the interface of the external environment and the internal
milieu, making it a major target of the inhaled virus.45 Most of
the highly contagious viruses, including SARS-CoV-2, are first

transmitted through the airway epithelial cells.44,46 Thus, the
infection of adenovirus was also analyzed in (CA)2C-bearing
HBEpiC and HPAEpiC. As shown in Figure 3b,c, coating
HBEpiC and HPAEpiC with the (CA)2C polysaccharide
“armor” resulted in a lower infection rate than in the untreated
control group as measured by flow cytometry (HBEpiC: 12.2
vs 2.7%, HPAEpiC: 9.6 vs 2.0%). In addition, the mean
fluorescence intensity calculated from flow cytometry and the
proportion of GFP-positive cells observed by fluorescence
microscopy also showed that (CA)2C gave sufficient cells from
infection (Figure 3d,e).
Next, the ability of the polysaccharide “armor”-coated cells

to prevent SARS-CoV-2 infection was assessed using an ACE2-
positive 293T cell line and SARS-CoV-2 pseudovirus with the
GFP reporter gene. Immunofluorescence staining showed that
LBL assembly of the polysaccharide coating on the cell surface
did not affect the ACE2 expression (Figure 4a,b). Less infected
cells (GFP-positive) were observed in the (CA)2C group
compared with the control (Figure 4c,d). Moreover, a flow
cytometry assay was performed to determine the pseudovirus
infection (Figure 4e). The proportion of GFP-positive cells
and the mean fluorescence intensity were decreased in the
presence of the polysaccharide coating.

3.3. Polysaccharide “Armor” Does Not Affect the Cell
Viability. In practice, the polysaccharide “armor” directly
forms on the nasal mucosa lining the epithelium cells.
Assembly of the polysaccharide “armor” should not cause
any damage to the cells. The live/dead staining assay was
carried out to evaluate the influence of the polysaccharide
“armor” on cell survival. The living cells were stained green by
Calcein-AM, while the dead cells were stained red by EthD-1.
The result showed that the (CA)2C coating did not affect cell
growth as shown in the fluorescence images (Figure 5a). Very
few dead cells could be seen both in the untreated group and
the (CA)2C group. The cell numbers and cell survival rate
were calculated and showed that there was no significant

Figure 4. Coating the ACE2-positive 293T cells with (CA)2C polysaccharide “armor” inhibits uptake of SARS-CoV-2 pseudovirus. (a)
Immunofluorescence staining of ACE2 before and after (CA)2C assembly. (b) Mean fluorescence intensity of ACE2 in the cells. (c) Fluorescence
images of pseudovirus infection in the 293T cells. (d) Statistical analysis of GFP-positive cells in fluorescence images. (e) Flow cytometry assay of
the pseudovirus infection; MFI: mean fluorescence intensity (data are presented as mean ± SD, ns: not statistically different, *p < 0.05, **p < 0.01,
***p < 0.001).
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difference between the control group and the (CA)2C group
(Figure 5b,c). In addition, the cell viability was also measured
using a CCK-8 kit. The result indicated a significant
proliferation of the cells after 24 h of incubation, and only a
very small difference in the CCK-8 value was observed
between the control group and the (CA)2C group (Figure 5d).
To evaluate the effect of the polysaccharide “armor” on cell
adhesion and spreading, the cells were digested to form a single
cell suspension and then reseeded after being coated with the
material. As shown in Figure 5e, (CA)2C coating did not affect
cell adhesion but suppressed cell spreading in the first 12 and
24 h. After 72 h of incubation, the cells in the (CA)2C group
and the control group were able to spread. In addition, the
durability of the polysaccharide “armor” was determined by
tracking the fluorescence decay on the cell surface. Notably,
the fluorescence of the polysaccharide decreased markedly
after 48 h, indicating that the polysaccharide “armor” may
protect the cell from virus infection for more than 2 days
(Figure 5f). In general, assembly of the polysaccharide “armor”

on the cell surface did not significantly affect cell growth and
could provide protection in a long period of time.

3.4. Sprayability of Polysaccharide Formulations. To
evaluate the sprayability of the polysaccharide formulations,
the chitosan solution and alginate solution were loaded in two
simple manual spray pumps separately. The spray distributions
on flat paper recipients and tubular paper recipients are shown
in Figure 6a,b. As shown in Figure 6c, the polysaccharide
solution formed a uniform spray after spurting from the pump
aperture. Moreover, the spray of chitosan and alginate formed
a homogeneous layer on the flat paper recipients (Figure 6d).
Following the increasing spraying times, the cover area of the
polysaccharide coating became larger (Figure 6e). The cover
area of (CA)2C reached 57.7 cm2 as measured from the paper
recipients, which exceeded 3/4 of the unilateral nasal cavity.47

Furthermore, a 4.5 cm × 10 cm paper was rolled up to form a
pipe to simulate the tubular structure of the nasal cavity. The
chitosan and alginate formulations were alternatively sprayed
into the pipe from the orifice. The results showed that the
spray covered a large area in the tubular nasal simulator

Figure 5. Cell viability assay after coating with the polysaccharide “armor.” (a) Live/dead staining of CALU3 cells after LBL assembly; the live cells
were stained green with Calcein-AM and the dead cells were stained red with EthD-1. (b) Statistical analysis of live cells as determined from
fluorescence images. (c) Comparison of cell survival rate before and after LBL assembly. (d) CCK-8 analysis: data were collected with the
absorbance at 450 nm. (e) Cell adhesion and spreading after coating with the polysaccharide “armor”; LBL assembly was performed before cell
seeding and the cytoskeleton was stained with FITC-conjugated phalloidin. (f) Stability of the polysaccharide “armor” after culture for 12, 24, 48,
and 72 h (data are presented as mean ± SD, ns: not statistically different, *p < 0.05).
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(Figure 6f). The coverage ratio of the polysaccharide “armor”
reached up to 87.9% in (CA)2C (Figure 6g). Chitosan or
alginate was sprayed only once in each step of the assembly. It
is inferred that multiple sprays will create a homogeneous
coating and larger coverage area, which may result in a better
anti-infection effect. The sprayability of the polysaccharide
formulations revealed that the nasal spray may be a potential
intervention for protecting individuals against virus infection.
3.5. Wearing the Polysaccharide “Armor” Reduces

Adenovirus Infection in SD Rats. Finally, the protective
effects of the polysaccharide “armor” on virus infection were
explored using a rat model. Adenoviruses with the GFP
reporter gene were used as the model viruses. To mimic the
virus infection under personal protection in daily situations,
the SD rats in the experimental group were allowed to wear the
polysaccharide “armor” before receiving adenovirus (Figure
7a). The rats were fed for 7 days, and then their lungs, trachea,
and nasal mucosa were collected and analyzed. Results showed
that mock-infected rats and those wearing the protective
polysaccharide “armor” exhibited normal histology. However,
marked lung inflammation and airway epithelial responses were
observed in rats of the unprotected control. The digital images
showed an obvious edema after slight hemorrhage in the lungs
of unprotected rats (Figure 7b). Multifocal regions of
inflammation and consolidation were also observed in the

lungs from unprotected group, showing the strong evidence of
adenoviral pneumonia.23,48 Meanwhile, a large number of
GFP-positive cells were found in the lung tissue from
unprotected rats. In comparison, there was no significant
difference in morphology and color of the lungs between the
experimental group and the normal control. No instances of
lung injury, inflammatory cell infiltration, and GFP-positive
cells could be observed in both the mock-infected rats and
polysaccharide “armor” protected rats. The HE staining of
nasal mucosa revealed an intact mucous membrane in all of the
three groups, but a remarkable GFP-positive cell lining was
observed in the nasal cavity of the unprotected rats (Figure
7c). In addition, remodeling of airway epithelia, infiltration of
inflammatory cells, cell sloughing, and mucous cell metaplasia
were noted in the trachea of unprotected rats, indicating
marked epithelial differentiation and/or injury caused by virus
infection (Figure 7d).49 There was no significant difference in
the HE staining of the trachea between the normal group and
the experimental group. Even though there was a possibility of
infection in the trachea of unprotected rats, no GFP-positive
epithelial cells were found in the fluorescence image (note that
some cells with green fluorescence were observed in the
subepithelial layer in all of the three groups, indicating false
GFP-positive cells). This might be attributed to the apoptosis
or cytolysis caused by virus infection in which the GFP-positive

Figure 6. Sprayability of polysaccharide formulations demonstrates the application potential of the approach. The polysaccharide formulations were
bottled in handheld applicators and their sprayability was evaluated though two experimental regimens: (a) Vertically spraying flat paper recipients
10 cm away and (b) spraying tubular paper recipients from the orifice. (c) Representative image of the spray formation when the polysaccharide
solution was spurted from the applicator. (d) Typical images of spray deposition on the flat paper recipients. (e) Increasing cover area after
alternate spraying of the formulations. (f) Alternately sprayed polysaccharide formulation formed an extensive coverage in the tubular nasal
simulator. (g) Statistical analysis of spray coverage of the polysaccharide “armor” in the nasal simulator (data are presented as the mean ± SD).
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cells fell off the epithelia and were cleared from the trachea to
limit the replication and spread of virus.50−52 Taken together,
these results demonstrate that assembly of the polysaccharide
“armor” in the respiratory tract effectively protected the host
from adenovirus infection.

4. CONCLUSIONS

Numerous pathogens exist in the air, such as coronaviruses,
adenoviruses, influenza viruses, and respiratory syncytial
viruses, spreading in the form of droplets and aerosols. The
primary transmission mode for most of the airborne pathogens
is their deposition and invasion in the respiratory tract. This
implies that prevention of the entry of airborne pathogens into
respiratory epithelial cells is important for avoiding infections.
This study demonstrates that the LBL assembly of a
polysaccharide “armor” using oppositely charged chitosan
and alginate on the cell surface can act as a barrier to reduce
the risk of virus infection. Assembly of the polysaccharide
“armor” had only a negligible effect on cell growth and offered
long-term protection against viral infection. Nasal spray made
from the two polysaccharides showed good sprayability,
indicating that it can be used as a single or additional
preventive intervention to extinguish the COVID-19 pan-
demic.
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(33) Schütz, D.; Conzelmann, C.; Fois, G.; Gross, R.; Weil, T.;
Wettstein, L.; Stenger, S.; Zelikin, A.; Hoffmann, T. K.; Frick, M.;
Muller, J. A.; Munch, J. Carrageenan-Containing over-the-Counter
Nasal and Oral Sprays Inhibit Sars-Cov-2 Infection of Airway
Epithelial Cultures. Am. J. Physiol.: Lung Cell. Mol. Physiol. 2021,
320, L750−L756.
(34) Otto, D. P.; de Villiers, M. M. Layer-by-Layer Nanocoating of
Antiviral Polysaccharides on Surfaces to Prevent Coronavirus
Infections. Molecules 2020, 25, 3415.
(35) Cao, J.; Zaremba, O. T.; Lei, Q.; Ploetz, E.; Wuttke, S.; Zhu, W.
Artificial Bioaugmentation of Biomacromolecules and Living Organ-
isms for Biomedical Applications. ACS Nano 2021, 15, 3900−3926.
(36) Zhu, W.; Guo, J.; Amini, S.; Ju, Y.; Agola, J. O.; Zimpel, A.;
Shang, J.; Noureddine, A.; Caruso, F.; Wuttke, S.; Croissant, J. G.;
Brinker, C. J. Supracells: Living Mammalian Cells Protected within
Functional Modular Nanoparticle-Based Exoskeletons. Adv. Mater.
2019, 31, No. e1900545.
(37) Zhu, W.; Guo, J.; Agola, J. O.; Croissant, J. G.; Wang, Z.;
Shang, J.; Coker, E.; Motevalli, B.; Zimpel, A.; Wuttke, S.; Brinker, C.
J. Metal-Organic Framework Nanoparticle-Assisted Cryopreservation
of Red Blood Cells. J. Am. Chem. Soc. 2019, 141, 7789−7796.
(38) Guo, J.; Yu, Y.; Zhu, W.; Serda, R. E.; Franco, S.; Wang, L.; Lei,
Q.; Agola, J. O.; Noureddine, A.; Ploetz, E.; Wuttke, S.; Brinker, C. J.
Modular Assembly of Red Blood Cell Superstructures from Metal−
Organic Framework Nanoparticle-Based Building Blocks. Adv. Funct.
Mater. 2020, 31, No. 2005935.
(39) Liu, G.; Li, L.; Huo, D.; Li, Y.; Wu, Y.; Zeng, L.; Cheng, P.;
Xing, M.; Zeng, W.; Zhu, C. A Vegf Delivery System Targeting Mi

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c03442
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

L

https://doi.org/10.1016/j.idm.2020.04.001
https://doi.org/10.1016/j.idm.2020.04.001
https://doi.org/10.1016/j.idm.2020.04.001
https://doi.org/10.1126/science.abc6197
https://doi.org/10.1126/science.abc6197
https://doi.org/10.1038/s41591-020-0843-2
https://doi.org/10.1038/s41591-020-0843-2
https://doi.org/10.1002/smll.202102453
https://doi.org/10.1002/smll.202102453
https://doi.org/10.1021/acsami.1c12227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c12227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c03252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c03252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/02786826.2020.1817846
https://doi.org/10.1080/02786826.2020.1817846
https://doi.org/10.1080/02786826.2020.1817846
https://doi.org/10.1080/02786826.2020.1817846
https://doi.org/10.1126/science.abg6296
https://doi.org/10.1126/science.abg6296
https://doi.org/10.1038/s41590-020-0778-2
https://doi.org/10.1038/s41590-020-0778-2
https://doi.org/10.1002/mco2.101
https://doi.org/10.1002/mco2.101
https://doi.org/10.1002/mco2.101
https://doi.org/10.2217/nnm-2021-0287
https://doi.org/10.2217/nnm-2021-0287
https://doi.org/10.3390/v13122345
https://doi.org/10.3390/v13122345
https://doi.org/10.3390/v13122345
https://doi.org/10.1126/sciadv.abh0319
https://doi.org/10.1126/sciadv.abh0319
https://doi.org/10.1126/science.abe3255
https://doi.org/10.1126/science.abe3255
https://doi.org/10.1002/adfm.202107826
https://doi.org/10.1002/adfm.202107826
https://doi.org/10.7759/cureus.11315
https://doi.org/10.7759/cureus.11315
https://doi.org/10.1038/s41565-021-00923-2
https://doi.org/10.1038/s41565-021-00923-2
https://doi.org/10.1038/s41565-021-00923-2
https://doi.org/10.1002/adma.202004901
https://doi.org/10.1002/adma.202004901
https://doi.org/10.1001/jamaoto.2020.3053
https://doi.org/10.1001/jamaoto.2020.3053
https://doi.org/10.1017/qrd.2020.9
https://doi.org/10.1017/qrd.2020.9
https://doi.org/10.1142/S2529732520400040
https://doi.org/10.1142/S2529732520400040
https://doi.org/10.1142/S2529732520400040
https://doi.org/10.1002/14651858.cd013627.pub2
https://doi.org/10.1002/14651858.cd013627.pub2
https://doi.org/10.1002/14651858.cd013627.pub2
https://doi.org/10.1002/14651858.cd013627.pub2
https://doi.org/10.1002/adma.202008304
https://doi.org/10.1002/adma.202008304
https://doi.org/10.3390/pharmaceutics13101612
https://doi.org/10.3390/pharmaceutics13101612
https://doi.org/10.1016/j.drudis.2021.07.021
https://doi.org/10.1016/j.drudis.2021.07.021
https://doi.org/10.1016/j.jconrel.2014.05.003
https://doi.org/10.1016/j.jconrel.2014.05.003
https://doi.org/10.1152/ajplung.00552.2020
https://doi.org/10.1152/ajplung.00552.2020
https://doi.org/10.1152/ajplung.00552.2020
https://doi.org/10.3390/molecules25153415
https://doi.org/10.3390/molecules25153415
https://doi.org/10.3390/molecules25153415
https://doi.org/10.1021/acsnano.0c10144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c10144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201900545
https://doi.org/10.1002/adma.201900545
https://doi.org/10.1021/jacs.9b00992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b00992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202005935
https://doi.org/10.1002/adfm.202005935
https://doi.org/10.1016/j.biomaterials.2017.03.001
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c03442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Improves Angiogenesis and Cardiac Function Based on the Tropism
of Mscs and Layer-by-Layer Self-Assembly. Biomaterials 2017, 127,
117−131.
(40) Jaber, N.; Al-Remawi, M.; Al-Akayleh, F.; Al-Muhtaseb, N.; Al-
Adham, I. S. I.; Collier, P. J. A Review of the Antiviral Activity of
Chitosan, Including Patented Applications and Its Potential Use
against Covid-19. J. Appl. Microbiol. 2022, 132, 41−58.
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